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We compared the alpha/beta interferon (IFN-«/f3) sensitivities of the TC-83 vaccine strain and 24 enzootic
and epizootic Venezuelan equine encephalitis (VEE) isolates. The IFN-resistant or -sensitive phenotype cor-
related well with epizootic or enzootic potential. IFN-o/3 resistance of Trinidad donkey (TRD) virus correlated
with virulence determinants in the 5’ noncoding region and glycoproteins. Infection of mice lacking a func-
tional IFN system with the IFN-sensitive TC-83 virus resulted in disease equivalent to that produced by the
virulent, IFN-resistant TRD virus, further demonstrating that IFN resistance contributes to VEE virus
virulence and is a biological marker of epizootic potential.

Major epizootics of Venezuelan equine encephalitis (VEE)
have occurred in northern South America (5, 9). Epizootic
VEE viruses, classified antigenically as subtype 1, varieties AB
(1AB) and C (1C), have not been isolated during interepizoo-
tic periods. Phylogenetic studies suggest that epizootic 1C
strains may evolve from subtype 1, variety D (1D), enzootic
strains maintained in sylvatic cycles (17, 26, 29, 38). Three
monophyletic groups of epizootic viruses within the Colombia/
Peru/Venezuela lineage have been delineated, indicating that
VEE has emerged at least three times, possibly through mu-
tations that generate viruses with similar equine virulence phe-
notypes (26).

Epizootic VEE viruses achieve higher viremias than enzo-
otic viruses in experimental animals, which is an important
determinant of mosquito transmission (19, 37). As a first line
of defense the interferon (IFN) system is a significant barrier
to virus replication (24). IFN-a and IFN-B might represent a
selective barrier to the evolution of virulence and epizootic
potential of VEE viruses.

The effects of IFN priming on the replication of a virulent,
epizootic 1AB VEE virus, Trinidad donkey (TRD) virus, and
its attenuated vaccine derivative, TC-83 virus, have been in-
vestigated with L cells (12). Regardless of the multiplicity of
infection, the TC-83 virus was inhibited more than TRD virus,
even though TRD virus elicited higher IFN production follow-
ing infection. In hamsters and BHK-21 cells, the enzootic
Pixuna (strain BeAr 35645, antigenic subtype 4) VEE virus was
more sensitive than TRD virus to hamster IFN (10).

We used an in vitro assay to compare the IFN-a/f sensitiv-
ities of TC-83 virus and 24 antigenically classified enzootic and
epizootic isolates (Table 1). A tissue culture cytopathic effect
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(CPE) reduction assay (21, 31) was chosen for its economy,
efficiency, and reliability for screening large numbers of sam-
ples and was based on previously described assays used to
define IFN sensitivity phenotypes of Mengo viruses (1, 14, 32,
33). The reliability of this assay was confirmed by examining
the reproducibility of phenotypes between multiple experimen-
tal sets, by comparison with methods using plaque reduction
and viral yield reduction as end points, and by statistical anal-
ysis. All viruses were of low passage number (range, 2 to 11),
and titers were determined on Vero cell monolayers (8, 16)
and stored at —80°C before use.

Monolayers of the VEE virus permissive mouse fibroblast
cell line (L929; American Type Culture Collection) grown in
96-well plates were treated with twofold dilutions of mouse
IFN-o/B (mouse fibroblast IFN-a/B; Sigma) in quadruplicate
or quintuplicate for a priming period of 24 h in M199 medium
(GIBCO BRL) supplemented with penicillin-streptomycin
(GIBCO BRL), sodium bicarbonate (0.15%), minimal essen-
tial medium nonessential amino acids (GIBCO BRL), ampho-
tericin B (Fungizone [1 pg/ml; E.R. Squibb & Sons]), and 5%
fetal bovine serum (FBS; HyClone). Use of established mono-
layers and long IFN treatment periods (24 h) increases the
sensitivity of this assay (31). 1929 cells of identical and limited
passage number (from frozen aliquots), concentration, and
culture conditions (including same lot of FBS) were used in
each experimental set to avoid cell-associated variables such as
cell age (12, 23), density, and lineage (7, 20, 32, 35), which have
been shown to affect levels of endogenous IFN production (6).
After IFN priming, cultures were washed, and 50 pl of virus
per well (10,000 PFU/ml) was adsorbed for 60 min, followed by
addition of 100 wl of supplemented M199 with 1%FBS and
incubation at 37°C and 5% CO,. Unprimed virus-infected,
primed uninfected, and unprimed uninfected cultures were
included as internal controls on each plate infected with a
given virus. A known IFN-resistant strain (TRD, P676, or
VE/IC-109) and an IFN-sensitive strain (TC-83, 3880, or VE/
IC-92) were included in each experimental set to gauge inter-
experimental variability. Cultures were observed individually
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TABLE 1. IFN-o/B sensitivity of VEE viruses
Virus Subtype” s;l)i(();;s Country/yr of isolation ?[(}(Vg fl?gg);;(l))r,{ Cluster®

TRD 1AB Donkey Trinidad/43 100 R
TC-83 1AB — 3.1-125 S
Beck/Wyckoft 1AB Horse Venezuela/38 100 R
PTF-39 1AB Human Guatemala/69 50 I
P676 1C Mosquito Venezuela/63 100-200 R
V178 1C Horse Colombia/61 200 R
V198 1C Human Colombia/62 200 R
B80371V 1C Human Colombia/95 100 R
125573 1C Human Venezuela/93 100 R
243884 1C Horse Venezuela/92 25-50 I
SHS 1C Human Venezuela/92 50 1
V209A 1D Mouse Colombia/60 200 R
3880 1D Human Panama/61 25-50 1
CoAn 9004 1D Hamster Colombia/69 50 I
R16880 1D Hamster Ecuador/76 50 1
1QT 1101 1D Human Peru/95 50 I
24138 1D Hamster Ecuador/76 12.5 S
DEI 5191 1D Human Peru/94 125 S
Mena II 1E Human Panama/62 1.6 S
93-42124 1E Horse Mexico/93 100 R
Everglades (Fe3-7c) 2 Mosquito United States (Fla.)/63 3.1 S
Mucambo (BeAnS) 3A Monkey Brazil/54 0 S
71D-1252 3C Mosquito Peru/71 0.1 S
Pixuna (BeAr35645) 4 Mosquito Brazil/61 6.3 S
AG80-663 6 Mosquito Argentina/80 0 S

“ Antigenic subtype (3, 4, 8, 16, 39).

® Concentration at which degree of mean CPE at 5 days postinoculation was reduced by >50% in IFN-primed 1.929 cells relative to that in unprimed virus-infected

cells.

< Cluster analysis of FA data from four different experimental sets, for IFN concentrations from 25 to 200 U/ml at 5 days postinoculation, was used to classify viruses
into one of two groups: IFN resistant (R) or IFN sensitive (S). Those viruses which could not be reliably classified into either group with a significance greater than

0.05 are represented by I (intermediate).
4 vaccine strain derived from TRD virus (2).

every 24 h by light microscopy. The presence or absence of
CPE was used in fraction-affected (FA) data analysis, and CPE
scores (percent monolayer affected) of 1 to 4 (1, less than 10%;
2, 10 to 50%; 3, 50 to 95%; 4, 95 to 100%) were used to
examine IFN dose responses of individual viruses and to cal-
culate 50% inhibitory IFN concentrations, as reported previ-
ously (7, 21, 31).

To characterize the active factor(s) in this assay, monoclonal
antibodies to IFN-a and to IFN-f were separately examined
for their ability to negate the effects of IFN-o/B treatment.
Since the IFN-o/f preparation was produced in L1929 cells
stimulated with poly(rI-rC), the predominant IFN-a/B IFN was
expected to be IFN-B. However, viral infection of 1.929 cells
also stimulates IFN-a production (13) and might have influ-
enced our assay. Titration of anti-IFN-@ (rat anti-mouse 1929
IFN-B; YAMASA monoclonal antibody MCA[MIFN-BETA]
MB-7; Seikagaku America) in L929 cells primed with 100 U of
IFN-a/B per ml before infection with either TRD or TC-83
virus demonstrated a close correlation between higher doses of
anti-IFN-B and higher CPE scores. When the anti-IFN-$ dose
equalled that of the priming IFN-o/B dose, the degree of CPE
in treated cultures equalled that of untreated cultures infected
with both TRD and TC-83 viruses (data not shown). Titrations
of anti-IFN-a (rat anti-mouse L929 IFN-a; YAMASA mono-
clonal antibody MCA[MIFN-ALPHA]MA-4; Seikagaku Amer-
ica) had minimal to no effect, indicating that the predominant
effector in this system was IFN-B. Treatment of unprimed,
TC-83 virus-infected cultures with at least 87.5 U of anti-IFN-8
antibody per ml increased the CPE, such that the character and
degree of CPE induced by this IFN-sensitive virus resembled
those of the IFN-resistant TRD virus in similarly infected cul-

tures (data not shown). This demonstrated that without the
inhibitory influence of IFN-, the TC-83 virus-induced CPE in
1.929 cells was similar to that of TRD virus, much as is seen in
BHK-21 cells, which do not produce IFN-«/B. This further
implicates IFN-B as the key factor modulating the CPE phe-
notypes of TRD and TC-83 viruses in 1.929 cells and minimizes
the possible effect of other cytokines that may have been
present in the IFN-o/p preparation or produced during infec-
tion of the 1.929 cells.

The dose responses of IFN-mediated CPE inhibition exhib-
ited three general patterns (Fig. 1). Viruses TRD and P676
(both subtype 1 epizootic viruses) induced high scores for CPE
at higher concentrations of IFN (resistant), while the vaccine
virus, TC-83, was significantly inhibited at low IFN concentra-
tions (sensitive). The 3880 virus was intermediate in sensitivity,
inducing higher CPE scores than the IFN-sensitive TC-83 vi-
rus, but exhibiting inhibition at lower concentrations of IFN
than the similarly cytopathic but IFN-resistant TRD and P676
viruses.

FA data (with FA represented by the percentage of equally
treated cultures affected by CPE) at each given IFN priming
dose were evaluated by multivariate statistical methods (25) to
classify multiple viruses by multivariate statistical cluster anal-
yses. Multiresponse permutation procedures (22) and cluster
analyses (11) of FA data from 48 h and 5 days postinoculation
indicated that the best ability to discriminate between “resis-
tant” and “sensitive” viruses occurred on day 5 postinoculation
and at priming concentrations of IFN-«/B between 20 and 200
U/ml. Therefore, FA data from day 5 postinfection at IFN
concentrations of between 25 and 200 U/ml were used for
classification by cluster analysis of individual viruses. The abil-
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FIG. 1. Dose-response curves of priming IFN concentration versus mean CPE (mean of four separate scores for each concentration of IFN used) for VEE virus
infection in 1929 cells. Sensitivities of various VEE viruses to increasing concentrations of IFN-«/B were compared at 5 days postinfection.

ity of this method to discriminate between different antigenic
subtypes and varieties and between the same virus from dif-
ferent experimental sets was examined. All analysis was done
at the 0.05 level of significance.

Multivariate statistical cluster analysis methods and 50%
inhibitory IFN analysis methods demonstrated two distinct
groups of naturally occurring VEE viruses: IFN resistant and
IFN sensitive (Table 1), with some subtype 1 viruses exhibiting
intermediate (Table 1) IFN sensitivity. Comparison of results
from multiple experimental sets (minimum of three) for the
TRD, TC-83, P676, and 3880 viruses demonstrated reproduc-
ibility of both the level of CPE and range of 50% inhibitory
IFN values for individual viruses. In addition, discriminant
functions between antigenic subtypes were evaluated (Table
2).
Both methods (multivariate statistical analysis of FA data
and 50% inhibitory IFN values) clearly demonstrated that all
non-subtype 1 enzootic viruses of antigenic subtypes 2, 3, 4,
and 6 exhibited high sensitivity to IFN in primed L929 cell
cultures. These viruses were classified by cluster analysis as
IFN sensitive, with powerful discriminant abilities between
these antigenic subtypes and all subtype 1 ABC viruses, except
for the 1AB vaccine derivative, TC-83 virus.

As a group, VEE subtype 1 viruses (which include the 1D
and 1E enzootic antigenic varieties as well as the 1 AB and 1C
epizootic varieties) exhibited a wide range of sensitivity to
IFN-a/B, so that discriminant functions between different an-
tigenic varieties in this subtype were not significant. The most
resistant viruses, which were resistant to priming with IFN at
200 U/ml, included the 1C viruses (P676, V178, and V198) and
a 1D virus (V209A) (Table 1). The 1AB viruses TRD and
Beck/Wyckoff and the 1C viruses B80371V and 125573 were
also significantly resistant, showing little inhibition with prim-
ing with IFN-o/B at 100 U/ml. Most of the 1D viruses tested
(3880, CoAn 9004, R16880, and IQT 1101), two 1C viruses
(243884 and SHY), and a single 1AB virus (PTF-39) were at
least twofold more sensitive to IFN (by 50% inhibitory IFN
concentration) than the resistant 1AB virus, TRD, but still
significantly more resistant than the sensitive TC-83 virus and
possibly represent a group of intermediate IFN sensitivity. Two

other 1D viruses, 24138 and DEI 5191, as well as another 1E
virus, Mena II, were 8- to 64-fold more sensitive to IFN (50%
inhibitory concentration) than the resistant TRD virus and
were clearly IFN sensitive by cluster analysis.

Virus 93-42124, which was recently isolated during an
equine epizootic in Mexico and has been classified antigeni-
cally as an enzootic 1E virus (30), demonstrated resistance with
priming with IFN-a/B at 100 U/ml. Inclusion of this virus in
cluster analyses by antigenic subtypes contributed to a loss of
discriminant power between subtype 1E virus and other sub-

TABLE 2. Discrimination of antigenic subtypes and varieties of
VEE virus by cluster analysis of IFN phenotypes

Antigenic Significance® Groups Overlap ;)f
group compared clusters
1AB a 1AB and 1C -

1AB and 1D -

1AB and 1E +

1AB and O¢ +
1C a 1C and 1D -

1C and 1E +

1C and O +
1D a, b 1D and 1E -

1D and O +
1E a, c 1E and O +
(@] c, d

“ Groups with the same letter were not significantly different at the 0.05 level
of significance. The level of significance was modified to take into consideration
multiple comparisons in testing for significant differences.

? A negative value indicates overlap, while a positive value indicates a gap
between groups. Thus, the discriminant function was powerful between the 1AB
group and groups 1E and O, between the 1C group and groups 1E and O, and
between group O and all other subtype 1 groups. The function was not reliable
between the 1D group and 1C, 1E, or 1AB groups, and to some extent was also
unreliable between the 1AB group and the 1C group.

€ O represents the subtype 2, 3, 4, and 6 viruses.
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TABLE 3. IFN sensitivity and CPE of recombinant TRD and TC-83 viruses in 1929 cells
Virus-specific genotype” IEN

Virus . b

5'NC nsP1 nsP2 E2 El 3'NC resistance
TRD g A S KH TVT L t +
TC-83 a D T NY RDI I — -
VE/IC-109 g D T KH TVT L t +
VE/IC-92 a D T NY RDI I t -
VE/IC-102 a D T KH TVT L t -
VE/IC-108 g D T NY RDI I t -

¢ Virus-specific nucleotides in the 5'"NC and 3'NC regions and amino acids in the nsP2 and nsP3 nonstructural proteins and E2 and E1 envelope glycoproteins of
VEE TRD and TC-83 viruses are shown. The positions of mutations are as follows: 5'NC, 3; nsP2, 16; nsP3, 260; E2, -7, -85, -120, -192, and -296; and E1, -161 (15).
b Results show viruses which were resistant (+) or sensitive (—) as demonstrated by the ability to achieve a CPE in 1929 cells at an IFN-«/B priming concentration
of 50 U/ml or greater. IFN phenotypes were confirmed by cluster analyses of FA data (from 25 to 200 U/ml on day 5 postinoculation) from plaque-purified recombinant

viruses.

“—, TC-83 virus has a single nucleotide deletion in the 3’NC region, relative to that of TRD virus.

type 1 viruses. This suggests that demonstration of viral IFN
resistance in vitro may be a valuable predictor of virulence or
epizootic potential.

To identify the molecular determinants of VEE viral IFN
resistance, we tested the IFN sensitivities of plaque-purified
recombinant viruses between the IFN-resistant TRD strain
and the sensitive TC-83 strain (Table 3). Infectious clone-
derived VE/IC-92 virus is biologically equivalent to TC-83 vi-
rus, while the virulence phenotype of VE/IC-109 virus is nearly
identical to that of TRD virus (15). Recombinant viruses that
contained the TC-83 virus-specific 5 noncoding (5'NC) region
(VE/IC-102, -92, and TC-83) or the TC-83 virus-specific enve-
lope glycoproteins (VE/IC-108) were inhibited by low doses of
IFN. Only TRD and clone-derived VE/IC-109 viruses, which
contained both the TRD virus 5'NC region and TRD virus
glycoproteins, demonstrated IFN resistance. Multivariate sta-
tistical analysis of FA data from these experiments confirmed
that both viral determinants were required for the full IFN
resistance phenotype. These loci were previously associated
with VEE virus neurovirulence in the TRD-TC-83 model (15).

To gauge the in vivo importance of IFN-a/f to the virulence
of viruses which differ in IFN-a/B sensitivity in vitro, 5.5-week-
old mice lacking receptors for both IFN-o/B and IFN-y (AG
129 mice, IFN-o/B and -y R—/— [24]); with permission from
M. Aguet, Swiss Institute for Experimental Cancer Research,
Epalinges, Switzerland) and normal WT129 mice (IFN-o/B
and -y R+/+) were infected intracerebrally with 300 PFU of
the IFN-resistant TRD virus or the IFN-sensitive TC-83 virus
(Fig. 2). The mice were observed and scored for degree of
clinical illness on day 3, when all but TC-83-infected WT129
mice and uninfected controls were severely ill and were eutha-
nized. Clinical scores were assigned from 1 to 5 for increasing
degree of clinical illness (1, minimal signs of lethargy and
rough hair coat; 2, signs of depression, anorexia, hunched
posture, and weakness; 3, physical evidence of neurologic dys-
function; 4, moribund behavior or complete paralysis; 5, mor-
tality). All AG129 mice challenged with either TC-83 or TRD
virus exhibited rapidly advancing clinical signs by day 3 postin-
fection and were euthanized. TRD-infected WT129 mice suc-
cumbed to infection at a similar rate. Only the WT129 mice
with a functional IFN system survived TC-83 virus challenge
with minimal clinical signs. The experiment was terminated at
10 days postinfection. Removal of the initial barrier of a func-
tional IFN system in vivo negated the virulence differences
typically demonstrated by these viruses. These results corrob-
orate the importance of IFN-o/f in limiting the virulence of
VEE virus in vivo.

Although the mechanisms were not specifically investigated

in this study, at least two viral determinants (glycoproteins and
5'NC region) were required to express the full IFN resistance
phenotype of TRD virus relative to that of its attenuated vac-
cine derivative, strain TC-83. Other studies have also suggested
that distinct combinations of mutations are required to gener-
ate alphaviruses with virulence phenotypes (18, 26, 36). The
fact that several viruses of the 1C-1D group exhibited inter-
mediate sensitivity to IFN and also exhibited ambiguous
antigenic classification (125573, V209A, and SHS5) (29, 38)
supports the hypothesis that IFN resistance may be a multideter-
minant phenotype and suggests that viruses of the 1C and 1D
subtypes represent a biological gradient with respect to IFN re-
sistance and behave as a quasispecies. Those viruses which exhibit
an intermediate IFN resistance phenotype may possess only part
of the determinants required for the full resistance phenotype.
Recent gene-sequencing studies support the theory that epizootic
1C viruses evolve from enzootic 1D viruses (17, 27, 28, 38). In-
terestingly, the 3880 virus, which exhibited an intermediate sen-
sitivity to IFN and is antigenically classified as a 1D enzootic virus,
was not historically associated with an epizootic, yet was isolated

TC-83
TRD

Mean Clinical Score

TC-83

AG 129 WT129

FIG. 2. Mean clinical scores (1 to 5 for increasing severity of clinical illness,
as described in the text) = standard deviation of IFN-a/B and -y R—/— (AG129)
mice and IFN-o/B and -y R+/+ (WT129) mice infected intracerebrally with 300
PFU of IFN-resistant TRD virus (n = 6) or IFN-sensitive TC-83 virus (n = 7).
All but TC-83 virus-infected WT129 mice and uninfected controls exhibited
rapidly advancing clinical illness and were euthanized on days 2 to 3 postinfec-
tion. WT129/TC-83 mice survived until the experiment was terminated on day 10.
Uninfected AG129 and WT129 mice showed no clinical symptoms (data not
shown).
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from a fatal human infection and is also virulent for mice. This
suggests that viruses with intermediate IFN resistance may cause
fatal infections in individuals but lack the potential to disseminate
in epizootics. When cluster analysis was performed with only FA
data from IFN concentrations between 50 and 100 U of IFN per
ml (rather than between 25 and 200 U/ml) to classify the VE/IC-
102 recombinant virus (which possesses the TRD-specific enve-
lope glycoproteins but not the 5'NC region), this virus clustered
with the IFN-sensitive viruses VE/IC-108 and VE/IC-92 at 48 h
postinoculation, but clustered with the IFN-resistant virus VE/IC-
109 at 5 days postinoculation (data not shown). The need for the
increased discriminatory power for comparison of FA data from
four IFN concentrations (between 25 and 200 U/ml) rather than
two to reliably classify VE/IC-102 illustrates the marginal quality
of the IFN phenotype of this virus. This virus produces an atten-
uated disease relative to that produced by VE/IC-109 virus in
mice, whereas mice infected peripherally with the IFN-sensitive
VE/IC-108 or VE/IC-92 virus do not exhibit significant clinical
signs (15). Early classification as sensitive and late classification as
resistant were also exhibited by V209A virus (not shown). The
behavior of VE/IC-102 in our assay also suggested that the 5'NC
region has less influence over the IFN resistance phenotype with
each viral generation. If the E2 glycoprotein, which contains the
major virus neutralization determinants and is continually ex-
posed to a high degree of immunological pressure, is also a major
determinant for IFN resistance, then immunologic selection of
new VEE viruses with altered E2 glycoproteins could result in
emergence of new IFN-resistant epizootic strains of VEE virus.

Genetic evidence suggests that VEE epizootics may result
from repeated emergence of epizootic subtype IC viruses from
enzootic subtype ID viruses which are maintained in ever-
abundant rodent populations. The emergence of these epizoot-
ics is often associated with flooding in typically arid regions
(34), suggesting that the appearance of abundant VEE virus-
infected vectors in a region not typically exposed, and thus
immunologically naive, provides the necessary recipe for an
epizootic. The lack of an immunologic barrier leaves naive
hosts dependent on IFN-o/B as a barrier to viral infection. The
acutely fatal outcomes (before IFN-y and other immunologic
factors can exert influence) of TC-83 viral infections in mice
which lack a functional IFN system demonstrate the impor-
tance of this system in defense against viruses which are sen-
sitive to IFN-a/B. Evolution of viral resistance to IFN-a/f
removes this barrier to infection in naive hosts and provides
the potential for emergence of an epizootic in which adequate
numbers of nonimmune hosts and vectors occur. Without
these coincident factors, IFN-resistant viruses might die out
within the rodent population. However, due to the significant
selective pressure of IFN-a/p on viruses that are dependent on
high viremias for efficient transmission by mosquitoes and the
constant immunologic pressure for antigenic variability in an
IFN resistance determinant in the envelope glycoproteins,
IFN-resistant viruses would eventually reemerge, again poised
for dissemination from the rodent reservoir to human and
equine hosts should environmental conditions become permis-
sive. Use of an in vitro IFN sensitivity assay with continuous
VEE virus surveillance (virus isolation from sentinel animals
and mosquito vectors) might predict the presence of emerging
viral IFN resistance (intermediate IFN sensitivity and the po-
tential for individual fatal outcomes) and/or potential emer-
gence of epizootic viruses with the full IFN resistance pheno-
type and permit early intervention to limit the impact of these
viruses.
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